Equivalent photon approximation is used to calculate fiducial cross sections for dimuon production in ultraperipheral proton-proton and lead-lead collisions. Analytical formulae taking into account experimental cuts are derived. The results are compared with the measurements reported by the ATLAS collaboration.
experimental cuts on the phase space designed to reduce the background and to take into account detector blind spots. The fiducial cross section is usually calculated from the total cross section with the help of the Monte Carlo method (see, e.g., the SuperCHIC MC generator [28] ). The equivalent photon approximation makes it possible to apply the most common experimental cuts analytically, so often no Monte Carlo method is required.
In this paper, the equivalent photon approximation is used to calculate the cross section of the pp(γγ) → ppµ + µ − reaction. Then three kinds of experimental cuts are applied in succession:
1. The cut on the invariant mass of muon pair √ s:ŝ min < s <ŝ max .
2. The cut on muon transverse momentum p T : p T >p T .
3. The cut on muon pseudorapidity η: |η| <η.
Numerical values of these cuts vary from experiment to experiment and from measurement to measurement. The result of the calculation is used to obtain the theoretical description for the experimental values provided by the ATLAS collaboration [29] . In this measurement,ŝ min was chosen to be 12 GeV to avoid contributions from vector meson decays into µ + µ − (the heaviest of vector mesons belong to the Υ family);ŝ max = 70 GeV;p T is 6 or 10 GeV depending on the invariant mass;η is 2.4 so that the muon will hit the muon spectrometer.
The same formulae are used to calculate the fiducial cross section for the reaction Pb Pb (γγ) → Pb Pb µ + µ − studied in Ref. [30] .
2 Cross section of the µ + µ − production without cuts
The distribution of equivalent photons generated by a moving particle with the charge Ze is
where q is the photon 4-momentum, q ⊥ is its transverse component, ω is the photon energy, γ is the Lorentz factor of the particle. For a proton with the energy E = 6.5 TeV, γ = E/m p ≈ 6.93 · 10 3 . To obtain the equivalent photon spectrum, one has to integrate this expression over the transverse momentum up to some valueq. The value ofq should be chosen so that the parent particle does not break apart when emitting a photon of such momentum. For the proton,q = 0.20 GeV (see Appendix A for derivation). Hence, the equivalent photon spectrum is
in the limit ω qγ. Muon pair production in ultraperipheral proton-proton collisions in the leading order is described by the Feynman diagrams in Fig. 2 . The corresponding cross section is
where ω 1 and ω 2 are the photon energies and σ(γγ → µ + µ − ) is the Breit-Wheeler cross section [32] : (3) is presented in Fig. 3 . It is convenient to change the integration variables from ω 1 , ω 2 to s and x where x = ω 1 /ω 2 . Then the integration can be rearranged as follows:
(note the symmetry of the integral under the x → 1/x replacement). Thus, we get
Since σ(γγ → µ + µ − ) falls as 1/s for s 4m 2 µ , in the leading logarithmic approximation the logarithm in this expression should be taken at s = 4m
In this formula, when the masses of the produced particles m are considerably less thanq, the latter should be replaced with m. 2 This is precisely the case of the cross section for e + e − pair production considered in Ref. [1] . Another difference from Eq. (37) in Ref. [1] is that Ref. [1] considers the collision in the laboratory frame where the nucleus is at rest and γ ≡ γ c.m.s. = (γ lab /2) 1/2 . For a proton-proton collision at the LHC with the energy of 13 TeV,
1 An incorrect spectrum of equivalent photons was used in [33, Eq. (1.4)] (ln 2 (E/me) should be replaced with ln(E/ω 1 ) ln(E/ω 2 ) inside the integral), which resulted into an extra factor of 3/2 in Eq. (5.4) and note [23] in the same paper. This error was later propagated into [25, Eq.(5.4) ]. See [27, the second footnote on page 256] for the discussion of similar errors often occuring in the applications of the equivalent photon approximation. 2 In the case of τ -leptons production, the factorq/mτ remains and suppresses the cross section.
3 Cross section of the µ + µ − production with experimental cuts 3.1 Cut on the invariant mass of the µ + µ − pair
The cut on the invariant mass is trivial to apply: only the limits of the integration over s in (5) have to be changed. Forŝ min < s <ŝ max ,
Whenŝ min 4m 2 µ , which is valid for the experiments considered in Section 4, a simplified formula for the Breit-Wheeler cross section can be used:
In this case
According to Eq. (6.27b) from [27] , the inaccuracy of this formula originating from virtuality of the photons equals
where E is the energy of the colliding particles. The accuracy is very high for muon-antimuon pair production, but it is considerably worse in the case of electron-positron pair production.
Cut on the muon transverse momentum
To apply the cut on muon transverse momentum p T >p T , an expression for the differential cross section of the γγ → µ + µ − reaction with respect to p T should be substituted into (9) [34, Eq. (88.4)]:
where t is the Mandelstam variable, t = −s/2 ± s/2 · 1 − 4p 2 T /s, and muons are assumed to be ultrarelativistic. The resulting expression is
Cut on the muon pseudorapidity
Pseudorapidity is defined as η = − ln tan(θ/2), where θ is the angle between the momentum of the muon and the beam axis. Experimental cuts on pseudorapidity are related to the detector geometry. The muon spectrometer of the ATLAS experiment is unable to detect muons with θ 10 • or θ 170
• , hence the pseudorapidity cut |η| < 2.4.
For a given value of the muon pair invariant mass s, muon pseudorapidities are determined by the ratio of photon energies x. For x = 1 and for cuts on p T and s implemented in Ref. [29] (see Table 1 ), sin θ = 2p T / √ s is always larger than 2/7. Thus 17
• , and the cut on η does not reduce the number of detected muon pairs. However, for x 1 or x 1 muons propagate in the direction of the proton beam and escape the detector. Thus, a cut on pseudorapidity can be naturally transformed into a cut on x:
(see Appendix B for derivation). In this case the expression for the fiducial cross section is
4 Comparison with the experimental data 4.1 Muon pair production in proton-proton collisions
The ATLAS collaboration has measured the fiducial cross section of the pp → ppµ + µ − reaction at collision energy equal to 13 TeV (γ = 6.93 · 10
3 ) with integrated luminosity 3.2 fb −1 [29] . The experimental cuts are described in Table 1 . The experimental result is
Results of successive application of cuts calculated through Eqs. (7), (9), (14) and (17) are presented in Table 2 . The fiducial cross section is found to be
and it is in agreement with the experimental value (18) . Fig. 4 compares fiducial cross sections for several bins of muon pair invariant masses with the experimental data provided in Table 1 . Points are the experimental data presented in Table 3 of Ref. [29] . The dashed line is the differential cross section calculated with the help of (17). The histogram is the differential cross section integrated according to the bins also presented in Table 3 of Ref. [29] . Lower plot: ratio of the calculated cross section to the experimental points.
Muon pair production in lead-lead collisions
The ATLAS collaboration has measured the fiducial cross section of the Pb Pb → Pb Pbµ + µ − reaction at collision energy per nucleon pair equal to 5.02 TeV (γ = 2.69 · 10
3 ) with integrated luminosity 515 µb −1 [30] . The experimental cuts are:
• Muon pair invariant mass range: 10 GeV < √ s < 100 GeV.
• Muon transverse momentum: p T > 4 GeV.
• Muon pseudorapidity: |η| < 2.4.
The experimental result is
To calculate the fiducial cross sections, the same formulae as for the proton-proton collision were used with α replaced with Zα, Z = 82, andq = 20 MeV according to (A.9). Results are summarized in Table 3 . Fig. 5 compares the differential cross section with the experimental result provided in the left plot of Fig. 3 of Ref. [30] . 3 The disagreement between the calculation and the experimental results in the region of higher invariant masses is because in this region the assumption ω qγ ≈ 50 GeV used in the derivation of Eq. (2) is not valid. Nevertheless, the major contribution to the cross section is in the region of low √ s, so the fiducial cross section
is still in agreement with the experimental value (22) . The authors of Ref. [30] compare the measured result with calculations with the help of the STARLIGHT program [31] : σ [30, 31] fid.
(Pb Pb (γγ) → Pb Pb µ + µ − ) = 31.64 ± 0.04 µb. [30] (also described in the text). Points are experimental data from the left plot of Fig. 3 of Ref. [30] (the upper curve), the line is calculated with the help of (17).
Conclusions
The LHC can be used to search for New Physics appearing in photon-photon collisions. Photon pair invariant mass can reach 2qγ ≈ 2.8 TeV in pp collisions with the energy equal to 13 TeV and ≈ 100 GeV in Pb Pb collisions with the energy per nucleon pair equal to 5.02 TeV.
The equivalent photon approximation permits analytical calculation of fiducial cross section. Although the experimental cuts greatly reduce the production cross section, high luminosity achieved at the LHC makes it possible to observe µ + µ − pair production. We are grateful to A. N. Rozanov, discussion with whom triggered out interest to the LHC results on γγ reactions, to I. I. Tsukerman for useful comments, to H. Terazawa for drawing our attention to papers [25, 33] , and to I. F. Ginzburg for a very useful discussion. We were supported by the RFBR grant 16-02-00342.
A Equivalent photons momentum cutoff
Consider a charged particle at rest. Its electromagnetic field can be interpreted as a collection of virtual photons with zero energy. Let q = (0, q x , q y , q z ) be the momentum of such a virtual photon. When the particle is boosted with the Lorentz factor γ 1 along the z axis, the photon acquires energy ω = γ 2 − 1 q z approximately equal to the photon momentum in the boost direction γq z . The virtuality of such a photon, −q 2 = q 2 x + q 2 y + q 2 z ω 2 , so the photon can be considered real, and this is the essence of the equivalent photon approximation.
To obtain the spectrum of virtual photons n(ω) (2) of a moving particle, the distribution of virtual photons n( q)d 3 q (1) has to be integrated over the photon transverse momentum q ⊥ = q 2 x + q 2 y . This integral is logarithmically divergent at high q ⊥ , and a cutoff is required. In a collision, if a proton (or a nucleus) emits a virtual photon of sufficiently high momentum, the proton breaks apart. Thus, a natural estimation for the cutoff valueq would be the inverse radius of the proton or the QCD scale Λ QCD which is in the range of 200-300 MeV [36, Section 9] . In the case of e + e − pair production,q = m e since contribution of the q ⊥ > m e domain is power suppressed.
A more rigorous approach to obtain the cutoff valueq for proton is to consider the proton form factor. The Dirac form factor is [37] 
where
is the electric form factor,
is the magnetic form factor, µ p = 2.79 is the proton magnetic moment and Λ 2 = 0.71 GeV 2 . Eq. (A.1) can be rearranged as follows
⊥ cannot be much larger than Λ 2 QCD , τ 1 and the contribution from the magnetic form factor can be neglected. Deriving the equivalent photon momentum distribution (1) according to [34, §99] and taking into account the form factor results in
The equivalent photon spectrum
where a = (ω/Λγ) 2 . This function monotonically decreases with ω. In the lower energy limit ω Λγ, where most of the photons reside,
Comparing this expression with Eq. (2) for Z = 1, we get
which is in a perfect agreement with the previous assumption thatq ≈ Λ QCD . For a heavy nucleus, a simplified form factor in the same form as F 1 (q 2 ) (A.1) can be used with the parameter Λ = 80 MeV [38] . In this caseq Pb ≈ 20 MeV.
(A.9)
B Pseudorapidity cut
In order to take the pseudorapidity cut into account, the photon energy ratio x = ω 1 /ω 2 has to be expressed through the muon pair invariant mass s, muon transverse momentum p T , and muon pseudorapidity η. A collision of two photons with the energies ω 1 and ω 2 is shown in Fig. 6 . µ + with momentum p + and µ − with momentum p − are produced in this collision. In the following p T m µ is assumed, and the muon mass m µ is neglected; this is valid for the experiments considered in this paper.
From the conservation of energy and momenta
Figure 6: γγ → µ + µ − reaction.
The last two equations can be expressed through the transverse momentum p T and the scattering angles θ 1 and θ 2 :
(B.
2)
The scattering angles are related to pseudorapidity through equation With η 1 varying from −η toη, x varies in the following intervals:
(B.8)
To satisfy both η 1 < |η| and η 2 < |η|, the intersection of these intervals has to be selected. Hence When applying these inequalities to setup the integration domain for the equivalent photon approximation, a check that the photon energy does not exceed the cutoff energyqγ is required:
This is always true for the experiments considered in this paper.
